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ABSTRACT
Noble metal nanoparticles loaded smart polymer microgels have gained much attention due to fascinating
combination of their properties in a single system. These hybrid systems have been extensively used in
biomedicines, photonics, and catalysis. Hybrid microgels are characterized by using various techniques
but UV/Vis spectroscopy is an easily available technique for characterization of noble metal nanoparticles
loaded microgels. This technique is widely used for determination of size and shape of metal
nanoparticles. The tuning of optical properties of noble metal nanoparticles under various stimuli can be
studied using UV/Vis spectroscopic method. Time course UV/Vis spectroscopy can also be used to monitor
the kinetics of swelling and deswelling of microgels and hybrid microgels. Growth of metal nanoparticles
in polymeric network or growth of polymeric network around metal nanoparticle core can be studied by
using UV/Vis spectroscopy. This technique can also be used for investigation of various applications of
hybrid materials in catalysis, photonics, and sensing. This tutorial review describes the uses of UV/Vis
spectroscopy in characterization and catalytic applications of responsive hybrid microgels with respect to
recent research progress in this area.
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Introduction

Synthesis and characterization of noble metal nanoparticles for
various applications are current areas of research.[1–4] Strategies
used for their fabrication and characterization are going to be
improved day by day. Control over size and shape of nanoparticles
is very important for their potential applications in various
fields.[5,6] Moreover, these nanoparticles are highly unstable due to
their high surface energy and are converted into bulk materials as a
result of their aggregation.[7, 8] Therefore, metal nanoparticles are
stabilized using various stabilizing agents like surfactants,[9] den-
drimers,[10] block copolymers,[11] and microgels.[12] The metal
nanoparticles loaded microgels have properties of both nanopar-
ticles and polymer microgels and are called hybrid microgels.[13]

Hybrid microgels loaded with metal nanoparticles have potential
to be used in biomedicine,[14] optics,[15] electronics,[16]

photonics,[17] and catalysis.[18] Hybrid microgels are characterized
by Transmission electronmicroscopy (TEM),[19] Scanning electron
microscopy (SEM),[20] Atomic Force microscopy (AFM),[21,22]

Dynamic light scattering (DLS),[23] X-ray diffraction (XRD),[24]

Fourier transform infrared spectroscopy (FTIR),[25] and ultraviolet
visible spectroscopy (UV/Vis).[26] Each technique has its own
advantages and disadvantages and it is hard to compare one tech-
nique to another because each technique has a specific purpose
and used to get a specific information that cannot be obtained
from the other one. For example, UV/Vis spectroscopy is only one
method among all above-mentioned techniques, which can be
used to study the kinetics of swelling and deswelling of polymer
microgels and hybrid microgels having small particle size.[27] UV/
Vis spectroscopy is generally used for characterization of Plas-
monic nanoparticles loaded hybrid microgels and study of their
applications.[19, 24] It has been reported as an effective tool for study
of tuning of optical properties of Plasmonic nanoparticles loaded
into polymer microgels.[28] Catalytic activity of nanoparticles can
also be studied by using UV/Vis spectroscopy.[29] Progress of cata-
lytic reactions can be monitored by UV/Vis spectrophotometry.
For example, Farooqi et al. used UV/Vis spectroscopy for charac-
terization of silver-poly(N-isopropylacrylamide-acrylic acid) [Ag-
P(NIPAM-AA)] hybrid microgels.[30] The fabrication of silver
nanoparticles (Ag NPs) in P(NIPAM-AA) microgels was con-
firmed by surface Plasmonic resonance (SPR) peak of Ag NPs at
400 nm. They investigated the stability of Ag NPs in polymer
microgels using UV/Vis spectroscopy. The tuning of optical prop-
erties of Ag NPs was also studied using same technique. Same
group of researchers investigated the catalytic activity of silver-poly
(N-isopropylacrylamide-methacrylic acid) [Ag-P(NIPAM-Ma)]
hybrid microgels toward catalytic reduction of 2-nitroaniline (2-
NA) into 2-aminoaniline (2-AA) in aqueous medium using same
technique.[24] Das et al. used UV/Vis spectroscopy for investigation
of growth of gold nano rods (Au NRs) synthesized by seed medi-
ated growth method.[31] They adjusted the aspect ratios of Au NRs
in such a way that they should have longitudinal SPR wavelength
in water window region. UV/Vis spectroscopy was used for this
purpose. Khan et al. prepared P(NIPAM-AA) microgels by micro-
wave irradiation method and used them as micro-reactors for in-
situ fabrication of Ag NPs using glucose as reducing agent.[32] Fab-
rication of Ag NPs in microgels network was confirmed by appear-
ance of SPR band in UV/Vis region at 429nm. Volden et al. studied
the temperature dependent optical properties of gold nanoparticles

(Au NPs) impregnated P(NIPAM) microgels by UV/Vis spectros-
copy.[33] Optical properties of Au-P(NIPAM) hybrid microgels
were studied at two different values of temperature (25�C and
60�C) using UV/Vis spectroscopy. Shift in optical properties of
Au-P(NIPAM) hybridmicrogels with increase/decrease in temper-
ature was found to be completely reversible. Extensive use of this
technique in characterization and applications of hybrid microgels
stimulated us to summarize its utility in research work on this area
in the last several years in the form of a review article.

Applications of UV/Vis spectroscopy in study of characteri-
zation of metal nanoparticles loaded into polymer microgels,
growth of metal nanoparticles in microgels, growth of poly-
meric network around a metal nanoparticle core, stability of
metal nanoparticles, optical properties of hybrid microgels,
properties of hybrid microgels produced due to presence of
inorganic and organic components in hybrid system have been
discussed in detail in this review. The monitoring of catalytic
reactions occurring in the presence of hybrid microgels and
determination of various kinetic parameters of these catalytic
reactions using UV/Vis spectroscopy has also been described in
this review. Summary and future perspectives have been also
presented in this review for further development in this area.

Characterization of nanoparticles loaded into
microgels by UV/Vis spectroscopy

It is well known that Plasmonic nanoparticles absorb radiations
of visible to near infrared region (NIR) depending upon the size
and shape of nanoparticles. This property is associated to collec-
tive oscillation of surface electrons of nanoparticles and known
as SPR. Due to SPR property of nanoparticles, dispersion of Plas-
monic nanoparticles gives one or more peaks that can be used to
get useful information regarding shape, size and size distribution
of nanoparticles. That is why, UV/Vis spectroscopy is widely
used for characterization of Plasmonic nanoparticles loaded into
smart polymer microgels. Farooqi et al. used UV/Vis spectros-
copy for characterization of P(NIPAM-AA) microgels and Ag-P
(NIPAM-AA) hybrid microgels.[19] They scanned UV/Vis spec-
tra of dilute dispersion of pure microgels and hybrid microgels
samples in the wavelength range of 200—800 nm and observed
that pure microgels have no band in this region but hybrid
microgels dispersion has a single narrow peak at 420 nm. They
reported that single peak at specific value of wavelength (420
nm) known as SPR wavelength (λSPR) indicates that spherical
nanoparticles have been successfully loaded into the polymer
network. The small value of full width at half-maximum is an
indication of small size distribution of nanoparticles. Zhang and
coworkers reported the UV/Vis analysis of cadmium sulfide
(CdS) and Ag NPs loaded poly(N-isopropylacrylamide-acrylic
acid-2-hyroxy ethyl acrylate) [P(NIPAM-AA-HEAc)] hybrid
microgels to evaluate their optical properties for the purpose of
their photonic applications.[34] Acrylic acid (AA) was copoly-
merized to provide functional groups for coupling with metal
ions, while 2-hydroxy ethyl acrylate (HEAc) was incorporated to
the increase sieve size. UV/Vis measurement was used for deter-
mination of size as well as polydispersity of nanoparticles. They
also investigated the effect of concentration of CdS and Ag NPs
on the properties of the hybrid microgels by UV/Vis
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spectroscopy. It was observed that increase of concentration of
CdS from 0.027 to 0.08 g caused the red shift of absorption peak
from 430 to 500 nm as well as increase in absorbance of CdS
NPs. The size of CdS NPs was estimated to be in range of 3.0–
5.9 nm depending upon composition of hybrid microgels. CdS-P
(NIPAM-AA-HEAc) hybrid microgel samples were refluxed for
12 hours and analyzed by UV/Vis spectroscopy. Sharp absorp-
tion peaks with enhanced absorption were appeared in UV/Vis
region after heating that controls the polydispersity of CdS NPs
in microgels due to Ostwald ripening of small-sized nanopar-
ticles. UV/Vis analysis of P(NIPAM-AA-HEAc) microgels fabri-
cated with 0.23 and 0.39 g Ag NPs per gram of polymer
microgels was also done. Broad adsorption peak at 411 nm was
observed in case of hybrid microgels fabricated with 0.23 g Ag
NPs/g polymer due to intrinsic size effect, while sharp peak with
increased absorbance was observed in case of microgels fabri-
cated with 0.39 g Ag NPs/g polymer that shows the increase in
particle size with increase in concentration of Ag NPs in the
dispersion.

Gorelikov et al. loaded Au NRs in P(NIPAM-AA) micro-
gels and characterized this hybrid system using different tech-
niques, including UV/Vis spectroscopy.[6] They noted that
hybrid microgels dispersion has two peaks, one at 400 nm
and another at 810 nm attributed to transverse and longitudi-
nal SPR property of Au NRs loaded into the microgels, respec-
tively. It means if some dispersion of hybrid system has two
peaks in their spectra, it is an indication of presence of non-
spherical/rod like nanoparticles loaded into the microgels. Lu
and coworkers also confirmed the fabrication of Ag NPs in
shell region of polystyrene-poly(N-isopropylacrylamide) [PST-
p(NIPAM)] core–shell microgels by UV/Vis spectroscopy.[35]

A single and narrow peak attributed to SPR of Ag NPs
appeared at 410 nm in UV/Vis region indicates the successful
loading of Ag NPs with spherical shape and narrow size distri-
bution in polymer network.

Suzuki and coworkers prepared core–shell–shell microgels
made of P(NIPAM) core surrounded by poly(N-isorpopylacryla-
mide-(3-amino propyl methacrylamide hydrochloride)) [P
(NIPAM-APMa)] shell having positively charged functional
groups encapsulated in second shell made of P(NIPAM).[36] Au
seeds were prepared in positively charged shell of core–shell–shell
microgel particles by chemical reduction method. Then, Au NPs
growth was carried by electroless plating from Au seeds. UV/Vis
spectra of core–shell–shell microgels fabricated with Au seeds
and Au NPs was scanned to elucidate their optical properties. No
peak was observed in Au seed impregnated core–shell–shell
microgel particles although hybrid microgel dispersion turned
light pink. These results showed that size of Au seeds was very
small almost less than 4nm and were unable to show SPR phe-
nomenon. Yet, via electroless plating, Au seeds were grown to Au
NPs of required size instead of synthesizing new Au NPs and
inherent peak of Au NPs was appeared at 520 nm. Sharp peak
appeared at 520 nm in UV/Vis region indicates spherical Au
NPs with narrow size distribution. Wu et al. prepared silver-poly
(N-isopropylacrylamide-acrylic acid-acrylamide) [Ag-P(NIPAM-
AA-AAm)] hybrid microgels at 22�C, 38�C, and 43�C and
impregnated them with Au NPs by in-situ reduction method
using gold salt. Ag-P(NIPAM-AA-AAm) hybrid microgels
and bimetallic fabricated Au-Ag-P(NIPAM-AA-AAm) hybrid

microgels samples were characterized by UV/Vis spectroscopy. It
was observed that SPR band appearing at 400 nm relevant to Ag
NPs disappeared, while band relevant to Au NPs was appeared at
500 nm in all three samples in case of Au-Ag-P(NIPAM-AA-
AAm) hybrid microgels. Other researchers have also investigated
metal nanoparticles fabrication in microgel particles by UV/Vis
spectroscopy.[37,38]

Study of growth of nanoparticles in microgels using
UV/Vis spectroscopy

The growth of Plasmonic nanoparticles inside the microgels can
be investigated using UV/Vis spectroscopy. When Plasmonic
nanoparticles grow in microgels, the surface Plasmon band is red
shifted. Kim et al. synthesized P(NIPAM-AA) microgels for in-
situ growth of Au NPs.[39] Growth of metal nanoparticles core in
polymer shell can also be investigated by using UV/Vis spectros-
copy. Contreras-Caceres et al. prepared core–shell microgels with
Au NPs core using surfactant cetyl trimethyl ammonium bro-
mide (CTAB) and constructed P(NIPAM) shell around the Au
NPs core by precipitation polymerization method.[40] They stud-
ied the influence of concentration of CTAB on morphology of
Au NPs core by changing it from 0.015 to 0.05 M. UV spectra of
two types of hybrid microgels indicated different morphology of
central Au NPs core. By using 0.05 M CTAB, spherical shaped
Au NP core was prepared while using 0.015 M solution of
CTAB, flower like morphology (growth of random branches
from central core in different directions) was observed. SPR band
for spherical Au NPs core and flower like Au NPs core encapsu-
lated P(NIPAM) core–shell hybrid microgels was red shifted
from 571 to 589 and 669 to 687 nm, respectively, with increase
in temperature of the medium from 15 to 50�C as well as SPR
peaks were broaden. Red shift was more dominant in flower like
Au NPs core encapsulated P(NIPAM) core–shell hybrid micro-
gels with appearance of another band at 530 nm. Two bands
were observed in flower like Au NPs core encapsulated core–shell
microgels because two Plasmon modes were observed for Au
nano star morphology.

Zhang et al. prepared P(NIPAM-AA-HEAc) microgels by
precipitation polymerization and fabricated with Ag NPs using
AgNO3 salt as precursor of AgC ions by UV irradiation at
365 nm.[41] Effect of irradiation time on growth of Ag NPs
inside the polymer network was investigated by UV/Vis spec-
troscopy. It was observed that with increase of irradiation time,
microgels dispersion was turned light pink to purple and then
dark red indicating the formation and growth of Ag NPs.
Before irradiation when AgC ions were loaded in microgels dis-
persion, no peak was observed in UV/Vis spectra of microgel
particles in range of 300–700 nm. After 3 minutes of irradia-
tion, a shoulder peak at 520 nm was observed. After 6 minutes
of irradiation, a peak at 440 nm was observed due to Plasmonic
resonance phenomenon of Ag NPs. Absorbance intensity of
synthesized Ag NPs was significantly enhanced. Wu et al. stud-
ied the growth of Au NPs in poly(2-dimethylaminoethyl meth-
acrylate-co-3-(trimethoxysilyl) propyl methacrylate) [P
(MAEm-tMSPm)] microgels by UV/Vis spectroscopy.[42] For
this purpose, 16 mL of 100 mgmL¡1 solution of HAuCl4 was
added in microgels suspension, heated at 70�C and spectra
were scanned at 0, 5, 10, 15, 20, and 30 minutes. It was observed
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that SPR band of Au NPs was appeared in 500–550 nm range
after 5 minutes of progress of reaction and was blue shifted as
reaction time was increased. Reduction of gold ions to Au NPs
was completed in 30 minutes.

Wu et al. prepared Ag NPs fabricated in P(NIPAM-AA-
AAm) hybrid microgels at 22�C, 38�C, and 43�C and studied
their optical properties at pH 8.48 and 3.33, respectively.[43]

(Optical properties were studied at both pH greater and smaller
than pka of AA). The volume phase transition temperature
(VPTT) of P(NIPAM-AA-AAm) microgels lies in range of 32–
45�C depending upon the pH of the medium and feed contents
of microgels. So, Ag NPs were fabricated by in-situ reduction
method in microgels at fully swollen, partially shrunken, and
collapsed state. UV/Vis spectra indicated that small clusters of
Ag were also formed along with Ag NPs during synthesis of
hybrid microgels at all temperatures. Different position as well
as shape of Plasmonic band was attained at different values of
temperature of the medium. At 22�C, due to swollen state of
micorgel particles, large Ag NPs with broad size distribution
were obtained. While at 38�C, due to partially swollen microgel
particles, small-sized Ag NPs with narrow size distribution
were obtained. At 43�C, when microgel particles were fully col-
lapsed, faint SPR band appeared that indicates the presence of
small number of Ag NPs along with Ag clusters.

Study of growth of polymer network around
Plasmonic nanoparticles

The growth of polymeric network around Plasmonic nanopar-
ticles can be studied by UV/Vis spectroscopy. When thickness
of polymeric shell increases then Plasmonic band is shifted to
higher wavelength due to increase of refractive index of the
medium around nanoparticles.[44]

Lopez and coworkers prepared Au spheres, Au decahedra
and Au nanostars by layer by layer assembly using CTAB as
supporting material for Au spheres and poly(vinyl pyrrolidone)
[p(VP)] for Au decahedra and Au nanostars, respectively.[44]

They used Au spheres, Au decahedra and Au stars as seeds for
growth of P(NIPAM) shell around them and studied their opti-
cal properties as a function of temperature of the medium by
changing refractive index around central Au cores. Average
diameter of P(NIPAM) encapsulated Au spheres, Au decahe-
dra, and Au nanostars was found to be 58, 96 and 115 nm,
respectively. SPR band appeared at 540, 620 and 850 nm for
gold sphere, decahedra, and nanostar encapsulated in P
(NIPAM) shell in UV/Vis spectra. Analysis shows that position
of SPR band depends upon the size of central gold core.
Increase in size of Au core red shifts the SPR band in UV/Vis
region with increase of intensity as well as width of bands.

Effect of growth of shell on longitudinal λSPR of Au NRs
encapsulated by polystyrene sulfonate (PSTs) layer and silica
shell was investigated by Pastoriza-Santos et al. using UV/Vis
spectroscopy.[45] It was observed that thickness of polymer shell
influences the optical properties of composite system. Increase
of shell thickness of Au NRs–PSTs–silica composite system
showed no effect on transverse Plasmon band but longitudinal
Plasmon band was red shifted. Red shifting of longitudinal
Plasmon band of Au NRs was due to increase of local refractive
index around Au NRs due to increased thickness of shell

region. It was observed that increase of shell thickness higher
than 33 nm diameter did not affect the value of longitudinal
λSPR of Au NRs as shown in Figure 1.

Study of stability of metal nanoparticles in microgels
by UV/Vis spectroscopy

Metal nanoparticles loaded into microgels have been found to
be stable for long term due to donor–acceptor interaction
between functional groups of polymeric network and metal
nanoparticles as reported in literature.[46] The long-term stabil-
ity of metal nanoparticles in microgels can be confirmed by
using UV/Vis spectroscopy. Investigation of stability of NPs is
based on measurement of SPR wavelength as a function of time
of storage. For this purpose, dilute dispersion of hybrid micro-
gels is stored in dark at room temperature and its UV/Vis spec-
tra is scanned time to time and shift in λSPR value is noted. No
shift in λSPR value with the passage of time indicates the stability
of metal nanoparticles in polymeric network. We have recently
reported the stability of Ag NPs loaded into poly(N-isopropyla-
crylamide-acrylamide) [P(NIPAM-AAm)] microgels using
UV/Vis spectroscopy.[47] For this purpose, dilute dispersion of
P(NIPAM-AAm) microgels was stored in a vial covered by alu-
minum foil and its UV/Vis spectra were scanned time to time
up to 6 months after synthesis. No shift in λSPR value was noted
which confirmed that Ag NPs are stable for long time for their
practical applications. Khan et al. prepared Ag NPs by micro-
wave irradiation method using AgNO3 salt as precursor of sil-
ver ions in P(NIPAM-AA) microgels template.[32] Ag NPs
showed a peak in UV/Vis region at 429 nm due to SPR proper-
ties. They investigated the stability of Ag NPs in P(NIPAM-
AA) microgel particles and observed that Ag NPs were stable
even after 8 months of their preparation. Stability of Ag NPs
was investigated by UV/Vis spectroscopy. No change in the
value of λSPR was observed with slight decrease in absorbance
intensity of peak at 429 nm. Also the color of Ag-P(NIPAM-
AA) hybrid microgels sample remained the same. Results indi-
cated the strong interaction between Ag NPs and microgels
functional groups that prevented their aggregation and pro-
longed their life span. Wu and coworkers also investigated the
stability of Ag-P(NIPAM-AA-AAm) hybrid microgels samples
by UV/Vis spectrophotometry by scanning spectra of freshly

Figure 1. Effect of growth of shell thickness on longitudinal λSPR of Au NRs in Au
NRs-PSTs-silica composite.[45]
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prepared samples and after passage of 1 month.[43] It was
observed that Ag NPs were stabilized by microgels template for
long time due to presence of amide and carboxylic acid chelat-
ing groups. UV/Vis spectra of silver-poly(N-isopropylacryla-
mide-(dimethylamino) ethyl methacrylate) [Ag-P(NIPAM-
MAEm)] hybrid microgels showed that Ag NPs were highly
stable inside the microgels sieves even after 8 months of synthe-
sis. No change in catalytic activity of these hybrid systems was
observed for reduction of methylene blue (MB) after 40 days of
preparation as investigated by Tang and coworkers.[48]

Study of stability of metal nanoparticles loaded microgels
at different pH values

The pH of the medium is crucial for long-term storage of metal
nanoparticles fabricated microgels. The hybrid polymer microgels
have not been found to be stable in all values of pH of the medium.
The pH range of medium in which hybrid microgels are stable
depends upon the nature of functionalities of polymeric network.
Farooqi et al. investigated the stability of Ag NPs fabricated in
poly(N-isopropylacrylamide-methacrylic acid) [P(NIPAM-Ma)]
microgels under acidic and basic conditions.[24] They stored Ag-P
(NIPAM-Ma) hybrid microgels at pH 9.9 (high, basic) and 2.83
(low, acidic), separately while keeping all other conditions same.
UV/Vis spectroscopy was used to investigate the stability of Ag
NPs loaded microgels under above-mentioned pH values of the
medium. UV spectra of Ag-P(NIPAM-Ma) hybrid microgels
were scanned immediately after adjusting their pH and after
18 hours. It was observed that position and intensity of SPR band
of Ag NPs was not changed at pH 9.9 even after passage of
18 hours. But in case of Ag-P(NIPAM-Ma) hybrid microgels at
pH 2.83, SPR band appearing at 400 nm disappeared after keeping
hybrid microgels at this pH for 18 hours. Actually, at high pH
(9.9), carboxylic acid groups of Ma in P(NIPAM-Ma) microgels
were in deprotonated form. These negatively charged groups
induced large-scale swelling in polymer network as well as mainte-
nance of stability of Ag NPs. While at low pH (2.83), carboxylate
groups were protonated, polymer–polymer interaction was
enhanced as a result, P(NIPAM-Ma) microgel particles were not
only shrinked but microgel particles aggregated in acidic pH val-
ues as observed by different researchers.[24,49] Under such condi-
tions, Ag NPs were also aggregated and their size was not
remained in nano range due to shrinkage of microgel particles fol-
lowed by aggregation. So, no peak appeared in UV/Vis region for
Ag-P(NIPAM-Ma) hybrid microgels at pH 2.38. Ag NPs were sta-
ble for long time at pH ˃ pka of Ma in case of P(NIPAM-Ma)
microgels, while they were highly unstable in acidic medium for
that specific type of microgels.

Study of optical properties of nanoparticles loaded
in microgels

SPR wavelength (λSPR) is a fascinating optical property of Plas-
monic nanoparticles loaded into responsive polymer microgels
and its value can be tuned by varying external stimuli like tem-
perature[40] and pH[24] of the medium. The change in pH or tem-
perature of themedium causes swelling or deswelling in microgel
particles as a result of which variation in inter-nanoparticles dis-
tance and refractive index of the medium around nanoparticles

occurs. It causes change in the value of λSPR. UV/Vis spectros-
copy can be used to study the tuning of optical properties of
metal nanoparticles loaded into themicrogels.

Study of effect of pH of the medium on optical properties
of metal nanoparticles

The pH value of themediummay affect the optical properties like
λSPR of Plasmonic metal nanoparticles loaded into pH responsive
microgel systems. Farooqi et al. reported the effect of pH of the
medium on the value of λSPR of Ag NPs fabricated in P(NIPAM-
Ma) microgels.[24] The value of λSPR was red shifted from 405 to
420 nm with increase of pH of the medium from 3.27 to 9.90.
Intensity of SPR band was decreased with increase in pH of the
medium. Value of λSPR of Ag NPs fabricated in P(NIPAM-Ma)
microgels at different pH values of themedium is given in Table 1.
The red shift in position of SPR band with an increase of the pH of
the medium was due to deprotonation of Ma groups of P
(NIPAM-Ma) microgel particles. Deprotonation of Ma groups
caused swelling of microgel network. Due to swelling of microgel
network, more water was rushed in polymer network. Distance
between Ag NPs fabricated in microgel network was increased.
As a result, electron density over the surface of Ag NPs was
decreased as well as oscillation of electrons was also decreased.
Slow oscillation of electron resonates with long wavelength elec-
tromagnetic radiation of UV/Vis region. Thus, SPR band of Ag
NPs was appeared at longer wavelength. Thus, increase of pH of
the medium red shifted the λSPR of Ag NPs fabricated in P
(NIPAM-Ma) microgels. The increase in inter-nanoparticles dis-
tance could not be the only reason of red shift in their λSPR value.
The studies must be carried out in reverse order in a reversible
way to investigate that either shift is due to change in inter-nano-
particles distance or due to aggregation of some nanoparticles as
a result of swelling of microgels. Moreover decrease of refractive
index around Ag NPs loaded in P(NIPAM-Ma) microgels with
increase in pH of the medium must be counted to investigate the
actual cause of shift because different groups have reported differ-
ent observations in this regard.

Many other researchers also investigated the pH tuned
optical properties of hybrid microgels by UV/Vis spectros-
copy.[48,50–52]

Temperature tuned optical properties of microgels
fabricated metal nanoparticles

The optical properties of metal nanoparticles fabricated in
microgel particles can be tuned by varying the temperature of
the medium. Temperature change induces swelling/shrinking
in microgel network. As a result local refractive index around

Table 1. Effect of pH of the medium on λSPR of Ag NPs fabricated in P(NIPAM-Ma)
microgels network.[24]

pH λSPR (nm)

3.27 405
6.08 410
8.38 415
8.97 418
9.90 420
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metal nanoparticles is changed and reversible shift in SPR fre-
quency occurs.[44]

Frenandez-Lopez et al. studied the effect of temperature on
optical properties of Au NPs (spheres, decahedrons, and nano-
stars) fabricated P(NIPAM) composite microgels by UV/Vis spec-
troscopy.[44] Temperature modulated optical properties of these
three types of hybrid microgels consisting of morphologically dif-
ferent Au central cores were also investigated. Due to volume
phase transition (VPT) of P(NIPAM) microgels, refractive index
around Au cores was changed which tuned their optical proper-
ties. Data indicated that temperature tuned shifting of SPR band
depends upon the morphology of central Au core. Slight change in
position of SPR band of Au spheres and Au decahedron in
response to change in temperature of the medium from 20 to
50�C was observed but large shift in SPR band was observed in
case of Au nano star core due to presence of sharp tips in these
particles. It was observed that SPR band was red shifted with
increase of temperature of themedium from 22 to 44�Cwith slight
increase in absorbance value at λSPR in all composite microgels.
Values of λSPR and relevant absorbance of different Au particles
fabricated hybrid microgels at two different values of temperature
are given in Table 2. It was also observed that position of SPR
band also depends upon the shape of metal nanoparticles. Tem-
perature tuned reversible optical properties of gold nano spheres
having diameter of 58 nm encapsulated in P(NIPAM) microgels
was also investigated by UV/Vis spectroscopy at temperature of
20 and 40�C. It was observed that SPR band of hybrid microgels
was appeared at 540 and 553 nm at temperature 20 and 40�C,
respectively, even after six heating and cooling cycles.

Shah et al. investigated the optical properties of Ag-P
(NIPAM-AAm-VAc) hybrid microgels as a function of temper-
ature of the medium at pH 8.54 and 2.84.[53] They observed

that temperature has no influence on SPR band at pH 8.54 due
to swelling state of microgels and presence of equally distrib-
uted Ag NPs. However, at pH 2.84, λSPR was red shifted from
409 to 419 nm with increase in temperature of the medium
from 20 to 40�C. Absorbance value of SPR band was also
increased with increase in temperature of the medium.

Suzuki et al. also investigated the temperature tuned optical
properties of Au NPs impregnated poly(N-isopropylacrylamide-
glycidylmethacrylate) [Ag-P(NIPMA-GMa)] hybrid microgel
particles and observed the red shift in SPR band with increase in
temperature of the medium.[54] Dong and coworkers investigated
that λSPR of Ag NPs fabricated in P(NIPAM-AA) microgels was
shifted from 402 to 417 nm with increase of temperature of the
medium from 25 to 45�C, while absorbance value of SPR band
was decreased.[46] They also evaluated the temperature tuned
reversible behavior of Ag-P(NIPAM-AA) hybrid microgels by
UV/Vis spectroscopy in temperature range of 25–45�C in aque-
ous medium. Many other researchers have investigated tempera-
ture-dependent optical properties of metal nanoparticles
fabricated hybrid microgels by UV/Vis spectroscopy.[55–56]

Study of feed content of cross-linker on size of metal
nanoparticles

Concentration of cross-linker used during the synthesis of
microgel particles controls their sieve size and alternatively the
size as well as optical properties of metal nanoparticles fabri-
cated in these sieves.

Farooqi et al. prepared Ag NPs fabricated Ag-P(NIPAM-AA)
hybrid microgel particles with 2, 4, 6, and 8 mol% MBiS.[5] They
investigated the optical properties of Ag NPs fabricated in
P(NIPAM-AA) microgels samples as a function of feed contents

Table 2. Effect of temperature of the medium on optical properties of P(NIPAM) hybrid microgels fabricated with different shaped Au particles.[44]

TemperatureD 22�C TemperatureD 44�C

Composite microgels λSPR (nm) Absorbance (a.u) Pictorial diagram λSPR (nm) Absorbance (a.u) Pictorial diagram
Au spheres-P(NIPAM) 540 0.95 555 1.01

Au decahedra-P(NIPAM) 616 0.97 633 1.02

Au nanostar-P(NIPAM) 826 0.97 858 1.03
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of cross-linker by UV/Vis spectroscopy. Effect of concentration
of MBiS on λSPR value of Ag NPs fabricated in P(NIPAM-AA)
microgels at pH 9.88 and temperature 28�C is shown in Figure 2.
Size of Ag NPs was decreased with increase of feed concentration
of MBiS as shown in Figure 2 due to increase in cross-linking
density of P(NIPAM-AA) microgels. Decreased size of Ag NPs
induced blue shift in λSPR of Ag NPs as investigated by UV/Vis
spectroscopy. Contreras-caceres et al. also investigated the influ-
ence of content of cross-linker on size of Au NPs encapsulated P
(NIPAM) core–shell hybrid microgels.[21] λSPR of Au NPs was
found to be blue shifted with increase of feed content of MBiS
cross-linker.

Study of effect of feed content of ionic co-monomer on size
of metal nanoparticles

Concentration of ionic co-monomer used during synthesis of
microgel particles controls their sieve size and ultimately the
size and optical properties of metal nanoparticles fabricated in
them. Farooqi and coworkers prepared P(NIPAM-AA) micro-
gels consist of 1, 3, 5, and 7 mol% AA contents and used these
microgel samples as micro-reactor for preparation of Ag
NPs.[57] They scanned the UV/Vis spectra of all four types of
hybrid microgel samples to evaluate the value of λSPR and rela-
tive absorbance of Ag NPs fabricated in P(NIPAM-AA) micro-
gels at pH 10.37 and temperature 18 �C. The relation between
mol% of AA and the value of λSPR as well as relative absorbance
is shown in Figure 3. It was observed that the value of λSPR of
Ag NPs fabricated in microgels network was increased with
increase of concentration of AA. Appearance of single peak in
all spectra in UV/Vis region shows that Ag NPs were spherical
in shape. All peaks appearing in UV/Vis region for all hybrid
microgels samples were different in positions (λSPR) and broad-
ness which showed that Ag NPs were different in their number,
size and size distribution. As shown in Figure 3, value of λSPR
was changed from 409 to 430 nm with increase of feed concen-
tration of AA from 1 to 7 mol%. It means high concentration
of AA leads to increase in number of carboxylic acid (COOH)
groups in network which ultimately enhances the concentra-
tion of silver ions in the network. Size of Ag NPs increases with
increase of AA content due to reduction of high number of sil-
ver ions contents in the sieves of microgels. Thus, red shift in
λSPR value along with increase in absorbance at λSPR was
observed with increase of feed concentration of AA. These

results show increased number of Ag NPs having large size
with increase of AA contents of microgels from 1 to 7 mol%.
These carboxylic acid groups are deprotonated at pH ˃ pka of
AA and ultimately more silver ions are attracted inside the
microgel sieves which results in synthesis of large number of
particles with large size.

Effect of feed content of precursor salt on size and shape
of metal nanoparticles fabricated in microgels

Concentration of salt used to fabricate metal nanoparticles in
polymeric network also plays a critical role in the size and
shape control. Suzuki and coworkers prepared poly(glycidyl
methacrylate-N-isopropylacrylamide) core encapsulated in
P(NIPAM) shell and fabricated these P(GMa-NIPAM)-
P(NIPAM) core–shell microgels with Au NPs and then
electroless gold plates.[58] Electroless Au plated P(GMa-
NIPAM)-P(NIPAM) core–shell hybrid microgel particles
fabricated with different amount of gold salt for synthesis of
gold plates were characterized by UV/Vis spectroscopy. Rela-
tion between volume of HAuCl4 salt used for synthesis of
electroless plated core–shell hybrid microgel particles and
λSPR of fabricated Au NPs is shown in Figure 4. A weak
absorption peak was appeared at 532 nm in P(GMa-NIPAM)-
P(NIPAM) core–shell microgels fabricated with low amount
of gold salt and as a result small-sized Au NPs were formed.
This peak was red shifted with slight increase in absorbance
intensity as amount of gold salt was increased. This shows
increase in size of Au NPs with increase of concentration of
precursor salt. Diameter of Au NPs was increased from 10 to
15 nm with increase of volume of gold salt from 10 to 50 mL
and SPR band was red shifted from 532 to 555 nm. Peaks
were become more broaden and shifted to longer wavelength
with increase of used quantity of Au NPs precursor salt.

Effect of feed content of carbohydrate polymers on optical
properties of metal nanoparticles fabricated in microgels

Vimala and coworkers prepared interpenetrating hydrogel net-
work made up of poly(acrylamide) [P(AAm)] integrated with
three different carbohydrate polymers like carboxymethylcelluose

Figure 2. Effect of feed contents of cross-linker (MBiS) on λSPR of Ag NPs fabricated
in P(NIPAM-AA) microgels made of different mole% of MBiS.[5]

Figure 3. Effect of feed contents of acrylic acid on value of λSPR as well as absor-
bance of Ag NPs fabricated in P(NIPAM-AA) microgels having different feed con-
centration of AA.[57]
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(CMc), starch (SRt) and gum acacia (Ga).[59] Concentration of all
three carbohydrate polymers was changed from 0.1 to 0.5 g dur-
ing synthesis of interpenetrating network and these hydrogel
samples were used as micro-reactor for fabrication of Ag NPs.
Ag NPs fabricated P(Am)-CMc, P(AAm)-SRt and P(AAm)-Ga
composite hydrogels consisting of different feed contents of car-
bohydrate polymer were analyzed by UV/Vis spectroscopy. It
was observed that different groups present in composite hydro-
gels like COOH, OH, NH2, and CONH acted as coordinating
agents to stabilize Ag NPs inside the interpenetrating network.
UV/Vis analysis showed increase of absorbance of peak at
416 nm and at 408–416 nm in Ag-P(Am)-Ga and Ag-P(AAm)-
CMc composite hydrogels, respectively, with increase of concen-
tration of Ga and carboxy methylcellulose (CMc) due to increase
of size of fabricated Ag NPs. Actually, high concentration of car-
bohydrate polymers induced large number of functional groups
inside hydrogel network. As a result, large numbers of silver ions
were fabricated in hydrogel network that leads to large-sized Ag
NPs. In case of Ag-P(AAm)-SRt composite microgels, random
increase/decrease in absorbance of peak at 416 nm was observed
with increase feed content of SRt from 0.1 to 0.5 g. This random-
ness in behavior may be due to solubility of starch content in
aqueous medium. Thus, UV/Vis study speculates that CMc and
Ga incorporated composite hydrogels provide enough space for
fabrication of large number of Ag NPs as compared to SRt
impregnated composite hydrogels.

Study of tuning of aspect ratio of plasmonic
nanomaterials loaded into microgels

High aspect ratio nanomaterial has gained significant attention
recently due to its potential applications in various areas. Many
reports are available in literature on loading of high aspect ratio
nanoparticles in responsive microgels.[60–64] Metal NRs show dif-
ferent optical properties as compared to spherical metal nanopar-
ticles due to their shape. Au NRs impregnated microgels absorb
light of NIR. It is well known that in this region, minimum light
absorption by body tissue like hemoglobin occurs. Thus, near IR
light can penetrate deep inside the body for treatment purpose
without causing any damage in the body. Au NRs may have lon-
gitudinal surface Plasmon band in near IR region depending
upon their aspect ratios. Irradiation of Au NRs by near IR

radiation induces photothermal effect in hybrid system. As a
result, microgel particles loaded with Au NR undergo VPT due
to heating caused by conversion of light energy into heat energy
as a result of irradiation process and find applications in sensing
and drug delivery.[64]

Kawano and coworkers prepared Au NRs having aspect
ratio 5.7 and encapsulated them in P(NIPAM) microgel shell
by precipitation polymerization.[64] Au NRs-P(NIPAM) com-
posite microgels were analyzed by UV/Vis spectroscopy. Longi-
tudinal SPR band of Au NRs fabricated in P(NIPAM)
microgels were found in NIR range by Rodriguez-Fernandez
and coworkers using UV/Vis spectroscopy.[63] It was observed
that VPT of P(NIPAM) microgels can be monitored due to
high sensitivity of longitudinal Plasmon band of Au NRs to
local refractive index of polymer network. Longitudinal Plas-
mon band of Au NRs was shifted from 828 to 862 nm with
increase of temperature of the medium from 16 to 60 �C. Actu-
ally, refractive index of P(NIPAM) microgel increases due to its
collapsed state under the high temperature (60 �C). High
absorption at longitudinal Plasmon resonance indicates that
the Au NRs can be used as excellent candidate for NIR photo-
thermal heat source.

Das et al. impregnated Au NRs in poly(N-isopropylacrya-
mide-maleic acid) [P(NIPAM-Mac)] microgels and character-
ize these composite systems by UV/Vis spectroscopy.[31] They
investigated that these Au NRs impregnated hybrid microgels
show remarkable absorption in NIR and can be used as photo
thermally controlled drug delivery vehicles. Gorelikov et al.
fabricated Au NRs with different aspect ratios using seed
mediated growth method.[6] The increase in length of NRs
with variation of reagents was investigated by UV/Vis spec-
troscopy. Change in the value of λSPR of Au NRs fabricated in
P(NIPAM-AA) microgels with change of aspect ratio as well
as light irradiated shrinkage of microgel network and release
of drug is shown in Figure 5.

Au NRs-P(NIPAM-AA) hybrid microgels absorb light
energy of NIR and convert it in to heat energy. This heat energy
induces VPT in P(NIPAM-AA) microgels. Due to the shrink-
age of microgel particles, loaded drug can be released at con-
trolled rate to the targeted site.

Figure 5. Relation between aspect ratio and longitudinal λSPR of Au NRs impreg-
nated in P(NIPAM-AA) microgels along with release of drug from shrinked microgel
network due to near infrared irradiation.[6]

Figure 4. Effect of feed concentration of gold salt on λSPR of Au nanoshells impreg-
nated in core–shell boundary of P(GMa-NIPAM)-P(NIPAM) core–shell microgels.[58]
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Study of properties of pure and hybrid microgels
by UV/Vis spectroscopy

The UV/Vis spectroscopy cannot only be used for investigation of
properties of hybrid microgels due to their inorganic component
but it can also be used for determination of characteristics of
hybrid microgels that are only due to responsive polymeric net-
work. For example, NIPAM-based polymer microgels are well-
known thermo-responsive polymer microgels. They show sudden
decrease in their size at particular temperature which is known as
VPTT. The value of VPTT of P(NIPAM) microgels in aqueous
medium is found to be 32oC. The UV/Vis spectroscopy has been
reported as a tool for determination of VPTT of NIPAM-based
microgels. Khan et al. used UV/Vis spectroscopy for determina-
tion of VPTT of P(NIPAM-AA) microgels in aqueous
medium.[65] They used cloud point method (turbidity method)
for determination of VPTT of P(NIPAM-AA) microgels and
measured the values of percentage transmittance of colloidal dis-
persion of P(NIPAM-AA) microgels as a function of temperature
using UV/Vis spectrophotometry. They plotted percentage trans-
mittance versus temperature of microgels dispersion and noted
that the value of percentage transmittance significantly dropped
at VPTT due to the increase in turbidity of colloidal system. They
also measured the value of VPTT of the microgels using DLS and
compared it to the value of VPTT of microgels dispersion mea-
sured by UV/Vis spectrophotometry under the same conditions.
The values of VPTT measured by UV/Vis spectroscopy was
found to be exactly same as that measured by DLS. They investi-
gated the effect of AA contents and pH of the medium on the
value of VPTT in aqueous medium using same technique. Wang
et al. used measurement of percentage transmittance as a function
of temperature for determination of VPTT of poly(N-isopropyla-
crylamide-co-4-vinylpyridine) [PNIPAM-P4VP] microgels.[66]

Wang et al. used absorbance measurements of dispersion of
P(NIPAM-AAm) microgels at 500 nm for determination of
their VPTT in aqueous medium.[27] The VPTT of microgels

measured by UV/Vis spectroscopy was found to be exactly
same as that measured by the DLS. They reported that the DLS
is a good technique for determination of VPTT of microgels
but it cannot be used to study the kinetics of swelling/deswel-
ling of microgel particles. However, kinetics of phase transition
of P(NIPAM-AAm) microgels can be studied by measuring the
transmittance of dispersion (30 mg/mL¡1) as a function of time
at VPTT of the microgels with mole ratio of NIPAM to AAm
100:0, 95:5, 90:10, and 85:15. They studied the effect of AAm
content in microgels and the concentration of microgels on
time required for equilibrium swelling and deswelling using
UV/Vis spectroscopy. They reported that UV/Vis spectroscopy
is an excellent tool for study of kinetics of swelling and deswel-
ling of microgels with small particle size.

Contreras-Caceres et al. used UV/Vis spectroscopy for deter-
mination of VPTT of Au-P(NIPAM) hybrid microgels with Au
NPs core and P(NIPAM) shell by measuring the change in the
values of both absorbance and SPR wavelength (λSPR) as a func-
tion of temperature of the medium.[40] The value of absorbance
of Au-P(NIPAM) core–shell microgels at 400 nm and position
of SPR band as function of temperature of the medium is given
in Table 3. Actually, volume of P(NIPAM) shell was decreased
with change of temperature of the medium from 10 to 50 �C,
which ultimately tuned the position of SPR band of Au NPs core
due to modification of refractive index around them. SPR band
was red shifted with increase of absorbance as temperature of
the medium was changed from 10 to 50 �C. As temperature
increases, microgel particles shrink and their refractive index
increases that results in increase of Rayleigh scattering. Local
refractive index around Au NPs core also increases, which
results in red shift of SPR band as shown in Table 3. Absorbance
of SPR band at low wavelength (400 nm) was increased that
shows increased turbidity of Au-P(NIPAM) core–shell micro-
gels with increase of temperature of the medium. Results showed
that curve obtained between temperature of medium and posi-
tion of SPR band as well as absorbance resemble the curve

Table 3. Effect of temperature on position of SPR band and absorbance (at 400 nm) of Au NPs core of Au-P(NIPAM) core–shell hybrid microgels.[37]

Temperature (�C) λSPR (nm) Absorbance (a.u)

10 544 0.233

20 545 0.238
30 548 0.251

40 553 0.300
50 555 0.327
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obtained by DLS analysis to study temperature responsive
behavior of microgel particles. Thus, UV/Vis spectra obtained
between temperature of the medium and position of SPR band
as well as absorbance can be used to find VPTT of the microgel
and hybrid microgel particles. Thus, absorbance measurement
as function of temperature can be used for determination of
VPTT of both pure and hybrid microgels but the method based
on measurement of λSPR as a function of temperature can only
be used for determination of VPTT of hybrid microgels.

Many other researchers have reported VPTT of different
microgel suspensions by UV/Vis spectroscopy.[67,68]

Study of catalysis in the presence of hybrid microgels

Monitoring of catalytic reaction

UV/Vis spectroscopy is an excellent tool to investigate the cata-
lytic activity of hybrid microgels toward a model reaction.
Reduction of 4-Np is generally used as a model reaction for
investigation of catalytic activity of metal nanoparticles loaded
into microgels.[26,42,55,56] Catalytic reduction of other nitroaro-
matic compounds, like 2-nitrophenol (2-Np)[69] nitrobenzene
(Nb),[30,70] 2-nitroaniline (2-NA),[24] 4-nitroaniline (4-NA)[19],
as well as dyes like Eyosin Y (EY),[69] methylene blue (MB) [56],
Congo red (CR)[71], and methyl orange (MO)[69] have also
been monitored by UV/Vis spectroscopy. The progress of
reduction of 4-Np is investigated using UV/Vis spectropho-
tometry because 4-Np and corresponding product 4-Ap
absorbs at 400 nm and 300 nm, respectively. Catalytic reduc-
tion of 4-Np is carried out in the presence of hybrid microgels
using sodium borohydride as reducing agent in quartz cell and
reduction spectra is scanned in the wavelength range of 200—
600 nm. The value of absorbance at 400 nm decreases with
time due to consumption of 4-Np while that at 300 nm
increases with increase in time due to formation of 4-Ap. Cata-
lytic activity of a lot of hybrid microgels toward the catalytic
reduction of 4-Np has been investigated using UV/Vis spectro-
photometry.[5,35,47,57,72–74] For example, Lu et al. used UV/Vis
spectrophotometry for monitoring of catalytic reduction of 4-
NP using Ag NPs impregnated Ag-PST-P(NIPAM) core–shell
hybrid microgels system as catalyst in aqueous medium.[35]

Begum et al. investigated the catalytic reduction of 4-Np using
sodium borohydride reducing agent in the presence of Ag-P
(NIPAM-AAm) hybrid microgels by UV/Vis spectroscopy.[47]

It was observed that 4-Np showed peak at 300 nm in UV/Vis
region. This peak was shifted to 400 nm in the presence of
sodium borohydride due to conversion of 4-Np to 4-nitrophe-
nolate ion. In presence of Ag-P(NIPAM-AAm) hybrid micro-
gels catalyst, absorbance of peak at 400 nm was decreased due
to decrease in concentration of 4-Np, while new peak was
appeared at 300 nm due to formation of 4-Ap. Reduction of
0.061 mM 4-Np was completed in 25 minutes using 9.15 mM
NaBH4 and 23.90 mgmL¡1 hybrid microgels catalyst at 32 �C
temperature. Pich and coworkers reported the use of Au NPs
fabricated poly(N-vinylcaprolactam-acetoacetoxyethyl methac-
rylate) [(P(VC-AAMa)] hybrid microgels catalyst for reduction
of 4-nitrophenol.[73] Au NPs fabricated in microgel network
showed high catalytic activity as compared to naked Au NPs
having similar properties for reduction of 4-nitrophenol. Many

other researchers reported the monitoring of various reactions
catalyzed by hybrid microgels catalyst using UV/Vis spectro-
photometry.[25,30,70, 71,75–77]

Determination of rate constant

The UV/Vis spectroscopy is widely used to determine the value
of apparent rate constant (kapp) for catalytic reaction occurring
in the presence of hybrid microgels.[5,12,19,24,25,47,57,72,75,78] For
example, the determination of the value of kapp for catalytic
reduction of 4-Np in the presence of various temperature
responsive hybrid microgels has been reported recently by us
and others.[20,47,53,62,79] For determination of kapp for catalytic
reduction of 4-Np, ln(At/Ao) is plotted as a function of time
using following equations.

ln
Ct

Co

� �
D ¡ kappt (1)

ln
At

Ao

� �
D ¡ kappt (2)

where At is the absorbance of 4-Np at any time, while Ao is the
value of absorbance at zero time. Pich et al. determined
the value of kapp for reduction of 4-Np using
Au-P(VC-AAEm) hybrid microgels catalyst by UV/Vis
spectrophotometry.[73] They observed that the induction time
was shortened with the increase of catalyst dose. Induction
time is the time period in which reaction does not start even
after addition of catalyst in reaction mixture and has been
observed in catalysis by hybrid microgels.[24] Absorbance of
4-Np was measured at 400 nm at different time intervals during
progress of reaction. The value of kapp was determined from
linear part of the graph plotted between ln(At/Ao) and time. It
was observed that the value of ln(At/Ao) was decreased with
increase of reaction time. Value of kapp was increased from 1.07
£ 10¡3 to 3.96 £ 10¡3s¡1 with increase of catalyst dose from
4.85 £ 10¡6 to 2.10 £ 10¡5gL¡1, respectively. They also studied
the effect of Au NPs contents on the value of kapp for reduction
of 4-nitrophenol. The value of kapp was increased from 1.07 £
10¡3 to 3.69 £ 10¡3s¡1 with increase of Au NPs contents from
5.1 to 10.3 wt%, respectively. The effect of temperature on the
value of kapp for reduction of 4-Np using Au-P(VC-AAEm)
hybrid microgels and naked Au NPs catalyst was also investi-
gated by changing temperature from 10 to 40 �C. The value of
kapp was increased with the increase of temperature of the
medium but high catalytic efficiency was observed in case of
hybrid microgels catalyst as compared to naked Au NPs. Many
other researchers have also determined the value of kapp for cat-
alytic reduction of various compounds using UV/Vis
spectroscopy.[25,66,75]

Effect of different factors on value of kapp

Effect of different factors like concentration of catalyst,[48,80]

reducing agent,[69,70] substrate being reduced, temperature,[48,72]

and pH of the medium[19] on the value of kapp has also been
studied by UV/Vis spectroscopy. Temperature of the medium
tunes the catalytic activity of hybrid microgels for various
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organic reactions. Lu et al. investigated the influence of tempera-
ture of the medium on rate of reduction of 4-Np using Ag-PST-P
(NIPAM) core–shell hybrid microgels as catalyst by changing its
value from 10 to 40 �C.[35] Temperature dependence of apparent
rate constant for reduction of 4-Np deviates from Arrhenius
behavior due to temperature induced VPT of PST-P(NIPAM)
core–shell microgel particles. At low temperature (from 10 to 25
�C), when hybrid microgels shell was swollen and reactants were
easily diffused into shell region, relation between temperature
and apparent rate constant for reduction of 4-Np was Arrhenius
type. Further increase of temperature ˃25 �C induced shrinkage
of microgels shell. Due to shrinkage of shell, sieves size was
deceased as water was expelled out and diffusion of reactants to
approach Ag NPs surface was decreased. As a result, rate of
reduction of 4-Np was decreased and significant decrease in the
value of apparent rate constant (kapp) was noted. Thus, in this
region, increase of kapp with increase of temperature of the
medium was overcome by reactants diffusion barrier. The kapp
value approaches to its minimum value at VPTT of core–shell
hybrid microgels. After VPT of microgels shell, network density
is increased to maximum level. Further increase in temperature
causes increase in the value of kapp and as a result rate of reduc-
tion of 4-Np increases. Many other researchers have studied the
influence of temperature of the medium on catalytic reduction
of various organic compounds by UV/Vis spectroscopy and
found the same results.[79]

Determination of Arrhenius and Eyring parameters

The value of apparent rate constant (kapp) can be measured at
different temperature using UV/Vis spectrophotometry. The
natural logarithm of the value of apparent rate constant is plot-
ted against inverse of temperature for determination of Arrhe-
nius parameters like activation energy (Ea) and pre-exponential
factor (A) according to following equation.[48]

lnkapp D ¡ Ea

R
1
T

C lnA (3)

The value of activation energy and pre-exponential factor is
determined from the slope and intercept of the plot of natural
logarithm of the value of kapp versus 1/T, respectively. Tang et al.
study the influence of temperature on reduction of MB in the
presence of Ag NPs impregnated P(NIPAM-MAEm) hybrid
microgels catalyst using UV/Vis spectroscopy and calculated the
Arrhenius parameters.[48] The value of Ea for reduction of MB
was found to be 62.0 kJmol¡1. Linear relation between lnkapp
and 1/T also indicates that reduction of MB followed Arrhenius
equation. They also calculated activation enthalpy (ΔH

�
) and

activation entropy (ΔS
�
) from slope and intercept of Eyring plot,

respectively using the following equation:
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h
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C DS�
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Values of ΔH
�
and ΔS

�
were found to be 59.5 kJmol¡1 and

–68.8 Jmol¡1K¡1, respectively. Pich et al. determined the value
of activation energy (Ea) for reduction of 4-Np using Au-P

(VC-AAEm) hybrid microgel and naked Au NPs catalyst.[74]

The value of Ea was found to be 36 and 71 kJmol¡1 for hybrid
microgels and naked Au NPs catalyst, respectively. Results indi-
cated unique catalytic properties of hybrid microgels as com-
pared to naked Au NPs. Naseer and coworkers reported the use
of Co-P(AA-AAm) and Cu-P(AA-AAm) hybrid microgels cat-
alyst for reduction of 4-Np at different values of temperature of
the medium.[18] Both type of composite catalysts were found to
be as efficient catalysts for reduction of 4-Np. Activation energy
(Ea) calculated by using Arrhenius equation for the reduction of
4-Np was found to be 17.083 and 87.87 kJmol¡1 for Co-P
(Ac-Am) and Cu-P(Ac-AAm) hybrid microgels, respectively.
Value of activation enthalpy and activation entropy for reduc-
tion of 4-Np was calculated by using Eyring equation (equation
4). Value of ΔH

�
and ΔS

�
were found to be 278.48 Jmol¡1 and

–196.65 Jmol¡1K¡1, respectively, for reduction of 4-Np using
Cu-P(Ac-AAm) hybrid microgels as catalyst. The value of ΔG

�

was calculated by using the following equation:

DG � D DH� ¡TDS� (5)

Ajmal et al. also calculated the activation energy for reduc-
tion of 4-Np using Ag-P(NIPAM-Ma-AAm) hybrid microgels
catalyst.[51] Value of activation energy was decreased from
33.28 to 26.56 kJmol¡1 with increase of catalyst dose from
0.02 to 0.06 mL, respectively. Many other researchers have cal-
culated the value of Arrhenius and Eyring parameters for
reduction reaction catalyzed by hybrid microgels using UV/
Vis spectroscopy.[81]

Summary and future prospective

The UV/Vis spectroscopy is a simple and easily available tech-
nique for study of some important fundamental properties of
pure and hybrid microgels. UV/Vis spectroscopy alone is not
a sufficient technique to completely characterize the hybrid
microgel system but it may be a very useful technique to
extract some necessary information along with other charac-
terization techniques. The value of VPTT of thermo-sensitive
pure microgels can be determined using turbidity method
from the plot of percentage transmittance versus temperature.
The measurement of λSPR using UV/Vis spectrophotometer at
different temperature may be a useful tool for determination
of VPTT of hybrid microgels but it has been rarely reported
in literature. The stability of Plasmonic nanoparticles loaded
into microgels can be investigated by measuring their λSPR val-
ues at different times of storage. Only a few reports are avail-
able on measurement of transmittance of microgels dispersion
for investigation of kinetics of swelling and deswelling of
microgels and hybrid microgels. Time-dependent swelling and
deswelling kinetics of various microgels should be investigated
in detail using UV/Vis spectroscopy. Time required for equi-
librium swelling and deswelling is an important parameter for
their practical applications. UV/Vis spectroscopy is an excel-
lent tool for this purpose. The study of VPT of smart polymer
microgels having Plasmonic nanoparticles by measurement of
λSPR has been rarely reported in literature. Determination of
VPTT of hybrid microgels based on λSPR measurement may
be reported in future.
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Abbreviations

AA Acrylic acid
AAm Acrylamide
AAMa Acetoacetoxyethyl methacrylate
AFM Atomic force microscopy
APMa N-(3-aminopropyl) methacrylamide hydrochloride
Au NPs Gold nanoparticles
Au NRs Gold nanorods
Ag NPs Silver nanoparticles
CdS Cadmium sulfide
CMc Carboxy methylcellulose
CR Congo red
CTAB Cetyltrimethyl ammonium bromide
DLS Dynamic light scattering
EY Eyosin Y
FTIR Fourier transform infrared
Ga Gum acacia
GMa Glycidyl methacrylate
HEa Hydroxy ethylacrylate
LCST Lowest critical solution temperature
Ma Methacrylic acid
Mac Maleic acid
MAEm (dimethyl amino) ethyl methacrylate
MB Methylene blue
MBiS N,N-methylene bis acrylamide
MO Methyl orange
Nac Sodium acrylate
NaBH4 Sodium borohydride
Nb Nitrobenzene 4
NIPAM N-isopropylacrylamide
Np 4-nitrophenol
NRs Nanorods
PSTs Polystyrene sulfonate
SEM Scanning Electron microscopy
SPR Surface plasmon resonance
SR Starch
TEM Transmission electron microscopy
tMSPm (Trimethoxysilyl) propyl methacrylate
UV/Vis Ultraviolet/Visible
Vac Vinyl acetic acid
VC N-vinylcaprolactam
VP Vinyl pyrrolidone
VPTT Volume phase transition temperature
XRD X-ray diffraction
2-NA 2-nitroaniline
2-AA 2-aminoaniline
4-NA 4-nitroaniline
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